Poor lateral-directional stability due to the absence of vertical stabilizer is a great risk to the aircraft with flying wing layout. In this paper, an unmanned aerial vehicle with this kind of configuration is chosen as the research object. A threedimensional model of the unmanned aerial vehicle is established, and then the sensitivity analysis is performed to obtain the effects of main aerodynamic shape parameters on lateral-directional flying quality. The results show that the roll mode and spiral mode of the aircraft meet the requirements of Level 1 flying quality in MIL-F-8785C. But the Dutch roll mode is generally divergent, which means that the flying quality of the aircraft is unacceptable. Thus it can be seen that the Dutch roll mode is the key to the dynamic stability of the aircraft. Further studies show that increasing the value of wing aspect ratio or decreasing the values of dihedral angle and torsion angle are useful for improving the Dutch roll mode. It is valuable to reveal the influence mechanism of aerodynamic shape parameters on lateral-directional flying quality for the design of flying wing aircraft.
INTRODUCTION
Flying wing configuration is considered as an important development direction of military aircraft and civil aircraft due to its potential benefits over conventional configurations in stealth capability, aerodynamic performance, and structural efficiency (Zhou and Liu 2015) . In recent years, flying wing configuration has been widely studied (Alsahlan and Rahulan 2017; Bolsunovsky et al. 2014; Pan et al. 2017) , and it has been considered as an ideal configuration of the future unmanned aerial vehicles (UAV) (Petterson 2006) .
However, there is a great risk in the stability and control for this kind of aircraft. The ideal flying-wing aircraft always combines wing and fuselage into an integral structure without horizontal or vertical stabilizers. The absence of vertical stabilizer leads to the deterioration of lateral-directional flying quality, and the yaw stiffness for this unconventional configuration is always neutral or slightly negative (Saeed et al. 2009; Bolsunovsky et al. 2001; Zhang et al. 2012b ). Thus, the lateral-directional stability of such aircraft is often at a disadvantage, which poses a great challenge to the designers for this kind of aircraft. Referring to the ongoing programs for research and development, there are two approaches to improve the lateral-directional dynamic stability of flying wing aircraft. One of the methods is making a large winglet at the wingtip of the aircraft, which produces the same effect as the vertical stabilizer (Snyder and Weisshaar 2013) . This method is always used in civil aircraft, such as referenced in Zhang et al. (2012a) Effect of Aerodynamic Configuration Parameters on Lateral-Directional Stability of Double-Swept Flying Wing Aircraft xx/xx 02/13
and Martinez-Val and Schoep (2000) . The other method is deflecting a new type of aerodynamic control surfaces automatically to generate a restoring moment. This method is usually adopted in military aircraft. For instance, the drag rudders of B-2 stealth bomber, the crow mixing differential flaps of X-45 unmanned aerial vehicle (UAV), and a combination of spoilers and trailing edge control surfaces of X-47 UAV are all used for realizing this function (Grellmann 1990; Davidson 2004; Whittenbury 2011) . Although both the methods can provide effective stability for flying wing aircraft, they have negative impacts on the radar crosssection, structural weight and aerodynamic efficiency of the aircraft. The early exploration of flying wing aircraft provides another approach to improving the flying quality of such aircraft. The Ho. 229 achieved an acceptable lateral-directional flying quality by using an appropriate sweepback angle and taper ratio (Song et al. 2014) . It illustrates that lateral-directional dynamic stability can be achieved at an acceptable flying quality by optimizing the aerodynamic shape parameters of the aircraft.
In this paper, a double-swept flying wing aircraft is taken as an object for carrying out the sensitivity analysis of lateraldirectional stability. First, the three-dimensional model of the aircraft is established. The configuration used as a basis is shown in Fig. 1 . The main design parameters of the presented UAV include wingspan 40 m, wing area 157.3 m 2 , and flight weight 14800 kg. Then, the impact of main aerodynamic shape parameters on the lateral-directional stability is investigated. The vortex lattice method is adopted to calculate the related aerodynamic parameters of the UAV. Once these parameters are obtained the small disturbance linear equation based on the UAV is used to get the assessment parameters of lateral-directional flying quality. It is useful to research the sensitivity of the impact of aerodynamic shape parameters on dynamic stability of flying-wing aircraft. This paper aims to reveal the influence mechanism of aerodynamic configuration parameters on the stability of the aircraft, and to provide a theoretical basis for the conceptual design and the flight control system design of the aircraft. 
RESEARCH OBJECT
A kind of double-swept flying wing UAV is taken as the research object. The planform of the blend-wing-body aircraft is displayed in Fig. 2 . The initial design parameters of the UAV are calculated according to traditional design method. This configuration can be considered as a combined wing made up by three segments. The main outline parameters include the reference area of aircraft (S), wing aspect ratio (Ar), root chord length of inner wing (c1), root chord length of outer wing (c2), semi
A kind of double-swept flying wing UAV is taken as the research object. The planform of the blend-wing-body aircraft is displayed in Fig. 2 . The initial design parameters of the UAV are calculated according to traditional design method. This configuration can be considered as a combined wing made up by three segments. The main outline parameters include the reference area of aircraft (S), wing aspect ratio (Ar), root chord length of inner wing (c1), root chord length of outer wing (c2), semi span of inner wing (b1), leading edge swept angle of inner wing (Λ1), leading edge swept angle of outer wing (Λ2), dihedral angle (Γ), and angle of torsion (Φ). These main parameters are independent to each other. The other planform parameters, such as semi span of Segment 2 (b2), semi span of Segment 3 (b3), and chord length of Segment 3 (c3 and c4), shown in Fig. 2 , can be derived from the main outline parameters.
It is necessary to obtain the aerodynamic performance parameters to evaluate flying quality. The variation of aerodynamic shape parameters will lead to the changes in aerodynamic force and aerodynamic moment of the aircraft. In the sensitivity analysis xx/xx 03/13 of stability, the aerodynamic performance corresponding to a large number of aircrafts with different outline parameters should be calculated. The vortex lattice method is adopted to get these aerodynamic coefficients and stability derivatives. In the method, aerodynamic performance is predicted by solving the potential flow equation instead of solving Navier-Stokes equation. The potential flow equation is a simplification of Navier-Stokes equation under the assumption of inviscid and irrotational flow. Thus the method has a higher computation rate than CFD codes. The limitations of this method are that it can only predict the aerodynamic performance of aircraft at small angle of attack, and it cannot calculate the frictional drag. In the paper, the component buildup method is used to obtain the zero lift drag coefficient as a subsidiary part of the method. Detailed calculation procedures of this method have been given in Melin (2000) and Song et al. (2014) .
The accuracy of this method has been widely validated (Song et al. 2014; Mialon et al. 2011) . In this paper, a generic UAV configuration named SACCON (Stability And Control Configuration) is used to assess the ability of the suggested method for predicting aerodynamic characteristics of flying wing aircraft. Detailed description of the configuration and its design process can be found in Liersch and Huber (2014) and Vicroy et al. (2010) . The flow conditions are set with Ma = 0.15 and Re = 1.60 × 10 6 , which are consistent with the wind tunnel experiment. Figure 3 shows a comparison of aerodynamic force and moment coefficients of the standard model. It can be seen that the calculation results have good agreement with the wind tunnel data or the reference data (Cummings et al. 2016; , except for the pitching moment coefficient. As Fig. 3 shows, the pitching moment coefficient curve has a slight deviation, especially for higher angles of attack. The deviation only means a small discrepancy in the position of the neutral point because it is located very close to the moment reference point. Compared to the vortex lattice method results and the experimental data, the lift curve has a slightly higher slope and a minimal shift in the zero-lift angle. By comparison with the lift curve in Cummings et al. (2016) , the error caused by this method is acceptable in conceptual design of aircraft. The side force coefficients and the rolling and yawing moment coefficients are all zero, which are reasonable for the symmetrical geometry under symmetrical flow conditions. The drag curve of the calculation result differs significantly from the experimental results. That is because of the influence coming from the sting of the wind-tunnel model, which has been analyzed in Schütte et al. (2014) . The aerodynamic parameters obtained by solving Navier-Stokes equation could be closer to the wind tunnel data than the presented method, but the improvements cannot have a significant impact on the flying quality of aircraft. Due to a great number of designs should be judged and weighed in conceptual design of aircraft, the computational efficiency of aerodynamic performance is as important as its calculation accuracy. In the following section, the flying qualities of aircraft under level flight state are calculated, which maintains a low angle of attack. This made the method a preferable choice for efficiently, obtaining a great number of calculations required in sensitivity analysis. xx/xx 04/13
CALCULATION OF PARAMETERS FOR STABILITY ASSESSMENT
This paper only researches the lateral-directional flying quality of the presented UAV marginally affected by the position of the center of gravity. The assessment criteria of lateral-directional stability are always related to the characteristic parameters of the motion modes. The lateral-directional motion modes generally contain the roll mode, Dutch roll mode, and spiral mode. It is reasonable to give up estimating the lateral-directional static stability derivative and set the dynamic stability as the criterion to guarantee the flying quality in aircraft conceptual design (Song et al. 2015) .
The dynamic property of an aircraft is determined by the eigenvalues of lateral-directional motion modes. The eigenvalues of the motion modes could be calculated by the matrix, which is constructed by bringing lateral-directional aerodynamic derivatives and inertial parameters into the lateral-directional small disturbance linear equations of the UAV. The matrix A lat (Fang et al. 2005 ) is presented as (Eq. 1): represent the aircraft sideslip derivatives; C lp , C np , and C yp represent the aircraft damping in roll derivatives; C lr , C nr , and C yr represent the aircraft damping in yaw derivatives; I x , I z , and I zx represent the aircraft moments of inertia (kg·m 2 ); b represents the span of aircraft (m); S represents the reference area of aircraft (m 2 ); q * represents the dynamic pressure (N/m 2 ); V * represents the flight speed (m/s); and m represents the mass of the aircraft (kg).
Normally, five parameters directly related to the eigenvalues are set as the final evaluation standard of lateral-directional flying quality. These parameters typically include the time constant (c) of roll mode, the time to double the amplitude (t 2 ) of spiral mode, the natural frequency (ω n ) and damping ratio (ξ) of Dutch roll mode and their product (ξ·ω n ) in MIL-F-8785C (Department of Defense 1980). For Dutch roll mode, only ξ is calculated to estimate the convergence property of the mode in this paper. The presented parameters for evaluating the lateral-directional dynamic stability can be calculated by the eigenvalues of the state matrix. A necessary and sufficient condition for the lateral-directional stability of an aircraft is that the determination parameters meet the requirements of flying quality.
The eigenvalues of the lateral-directional small disturbance equation are mainly determined by the lateral-directional aerodynamic derivatives of an aircraft. For flying wing aircraft, the variation in the shape parameters will change the aerodynamic derivatives, thus affecting the lateral-directional dynamic stability of the configuration. In order to get the property parameters of lateral-directional dynamic stability, the following steps should be executed. First, the level-flight angle of attack (AOA) at a certain speed for a typical level flight is computed by interpolating lift coefficients, which are obtained by the vortex lattice method. Then, the vortex lattice method is adopted again to calculate the stability derivatives under the level-flight angle of attack and the moments of inertia are calculated by building main components of the UAV. Finally, these lateral-directional aerodynamic derivatives and the inertia parameters of the aircraft are substituted into the state matrix, which is based on the lateral-directional small disturbance linear equations, to obtain the eigenvalues of each motion mode and the assessment parameters of lateral-directional dynamic stability.
DYNAMIC STABILITY SENSITIVITY ANALYSIS
To investigate the influence of main aerodynamic shape parameters on the lateral-directional stability, the reference area of aircraft (S), root chord length of inner wing (c1), root chord length of outer wing (c2) and semi span of inner wing (b1) are defined as the design parameters, which are invariable throughout the research. The values of the design parameters are shown in Table 1 . The parameters such as the wing aspect ratio (Ar), leading edge swept angle of inner wing (Λ1), leading edge swept angle of outer wing (Λ2), dihedral angle (Γ), and angle of torsion (Φ) are set as the design variables, which vary in a certain range. The initial values and the range of these parameters are shown in Table 2 . In this research, when one of the design variables changes aerodynamic derivatives and inertial parameters into the lateral-directional small disturbance linear equations of the UAV. The matrix Alat (Fang et al. 2005 ) is presented as (Eq. 1): 
where: 
here: the other parameters are invariable. The flight conditions are set as H = 1600 mm and V = 206 m/s. According to the presented steps, the vortex lattice method is adopted to obtain the aerodynamic derivatives and lateral-directional small disturbance linear equations are used to get the eigenvalues of lateral-directional motion modes. MPACT OF AR ON DYNAMIC STABILITY Table 3 and Fig. 4 show how wing aspect ratio affects the lateral-directional dynamic stability. The shadow part in Table 3 is the flying quality assessment parameters of the initial design. It can be seen from the table that the level-flight angle of attack decreases with the increases of the aspect ratio, indicating that the lift coefficient of the aircraft is improved. The time constant (Tr) of roll mode decreases significantly with the increases of the aspect ratio, suggesting that the convergence rate of the rolling mode increases gradually. It is clear that the damping ratios of all designs are negative in the range of Ar. In other words, the Dutch roll mode is divergent, and the dynamic stability of this design does not meet the requirements of flying quality. Compared with the Dutch roll mode, the spiral mode has a better flying quality. As shown in Fig. 4 , the roll mode and spiral mode meet the requirements of Level 1 flying quality in MIL-8787C (Tr ≤ 1.0, t 2 ≥ 20), and Ar has little effect on the spiral mode. 
IMPACT OF Λ1 ON DYNAMIC STABILITY
The impact of the leading edge swept angle of inner wing (Λ1) is presented in Table 4 and Fig. 5 . The calculation results show that the level-flight angle of attack decreases slightly with the increases of Λ1. The reason for this case is that the semi span of Segment 2 (b 2 ) increases with Λ1, and the Segment 2 produces a greater lift to make up for the lift decrease of the inner wing. Λ1 has little influence on the assessment parameters of lateral-directional dynamic stability. Although the roll mode and the spiral model meet the requirements of Level 1 flying quality, the lateral-directional dynamic stability of these designs is not acceptable due to the divergence of the Dutch roll mode. For this reason, great attention should be paid to the impact of the leading edge swept angle of inner wing on other performances in conceptual design of such aircraft. 
IMPACT OF Λ2 ON DYNAMIC STABILITY
The variation of the stability characteristics relevant to the leading edge swept angle of outer wing (Λ2) is displayed in Table 5 and Fig. 6 . Similar to Λ1, Λ2 has little impact on the assessment parameters of lateral-directional flying quality. Different from Λ1, the trend of the time constant is increscent with the increasing of Λ2. However, the difference does not improve the 
IMPACT OF Φ ON DYNAMIC STABILITY
The sensitivity of the lateral-directional stability to the changes in angle of torsion (Φ) is displayed in Table 6 and Fig. 7 . The outer wing of the aircraft with linear torsion, the angle of torsion along the span, is proportional to the distance to the outer wing root. The calculation results suggest that Φ has a significant impact on lift coefficient, but little impact on roll mode and spiral mode. The lift coefficient increases with the increases of Φ, further decreasing the level-flight angle of attack. The values of Tr and t 2 change little with the variation of the angle of torsion. Although the value of damping ratio for the Dutch roll mode obviously changes, the Dutch roll mode is divergent in the design space of Φ. 
IMPACT OF Γ ON DYNAMIC STABILITY
The variation in lateral-directional stability parameters caused by the dihedral angle (Γ) is shown in Table 7 and Fig. 8 . The results reveal that the dihedral angle has little impact on lift coefficient and roll mode, but great impact on the stability of Dutch roll mode and spiral mode. Although increasing the value of Γ can slightly improve the rolling mode, it is obviously disadvantageous for the Dutch roll mode. In other words, the value of the damp ratio increases with the decreases of Γ. When the dihedral angle is negative, the damping ratio corresponding to the design is positive. Thus, reducing the value of the dihedral angle is useful for increasing the stability of the Dutch roll mode, which making the stability characteristic of the mode transform from divergence xx/xx 10/13 to convergence. The attendant adverse influence is that the time to double the amplitude of the spiral mode is obviously reduced. In spite of this, the spiral mode still meets the requirements of Level 1 flying quality. So the lateral-directional dynamic stability could be improved by adjusting the dihedral angle along spanwise, slightly changing the lift coefficient. 
OVERALL ANALYSIS OF THE INFLUENCE OF AERODYNAMIC SHAPE PARAMETERS
According to the variation of assessment parameters to aerodynamic shape parameters, it can be seen that the wing aspect ratio has a relatively significant effect on the roll mode compared to other aerodynamic shape parameters, and the dihedral angle has a greater impact on the spiral modes than other parameters. However, the roll mode and spiral mode are not major factors for the flying quality of the presented UAV. Both the time constant (Tr) and the time to double the amplitude (t 2 ) of the given schemes always meet the requirements of Level 1 flying quality. Differently from roll mode and spiral mode, nearly all the values of damping ratio (ξ) are negative, which means that the Dutch roll mode of the present design is almost divergent. Under the circumstances, the flying quality of the aircraft is unacceptable and fatal. For this kind of flying wing UAV it is necessary to transform the dynamic instability into an equivalent system with good flying quality by establishing the lateral-directional stability augmentation system.
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Thus, the property of Dutch roll mode is a key factor which affects the flying quality level of lateral-directional motion modes for flying-wing configuration.
The eigenvalues of Dutch roll mode are analyzed to further investigate the impact of aerodynamic shape parameters on Dutch roll mode. Figure 9 shows the root locus of the Dutch roll mode of the present design. It can be seen from Fig. 9 that Ar, Φ, Λ2 and Γ have a significant impact on the trajectory of the eigenvalues, where Φ and Λ2 have great influence on imaginary roots, Γ greatly affects the real roots, and Ar has similar effect on both of them. As Φ and Λ2 increase, the eigenvalue moves away from the imaginary axis rapidly, implying that the oscillation frequency of the Dutch roll mode is getting higher and higher. Reducing the value of Γ can make the eigenvalue move from the right side of imaginary axis to the left side and away from the imaginary axis. The result demonstrates that the Dutch roll mode is transformed from divergence to convergence. Ar not only affects the oscillation frequency of the Dutch roll mode, but also influences the convergence property of the mode. In flying wing aircraft design it is possible to make the Dutch roll mode convergent by adjusting the values of wing aspect ratio, dihedral angle, and torsion angle. That is, the proper aerodynamic shape parameters also play a role as vertical stabilizers to improve the lateral-directional flying quality for flying wing aircraft. 
CONCLUSIONS
This paper studied how the aerodynamic shape parameters affect the lateral-directional dynamic stability of flying wing aircraft. The results show that the dynamic stability of the roll mode and spiral mode is better than that of the Dutch roll mode. The wing aspect ratio has a relatively significant effect on the roll mode, and the dihedral angle has a greater impact on the spiral mode than other parameters. However, the variation of the parameters does not reduce the flying quality level. Compared with the roll mode and spiral mode, the Dutch roll mode plays a more important role in the flying quality of flying-wing configuration due to the mode is always divergent. The research found that wing aspect ratio, dihedral angle, and torsion angle have an obvious influence on the convergence characteristic of the mode, and the Dutch roll mode could be converged by adjusting these parameters. So a great attention should be paid on these parameters while improving the lateral-directional dynamic stability. This paper only analyzed the lateral dynamic stability corresponding to a certain flight speed. In following research, the dynamic stability throughout the flight envelope will be analyzed. 
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